Introduction
Accelerating slagging, improving inclusion removal, and prolonging refractory lifetime are still important subjects for steelmaking engineers in order to attain high-grade steel production at higher efficiencies. Basically, these phenomena can be considerably affected by the liquid-solid interfacial properties of oxides, as well as the bulk properties of oxides. From this viewpoint, dissolution experiments of solid alumina in liquid slags were conducted at 1 600°C. The local dissolution rates of alumina and the flow velocities and wetting behaviors around the meniscus line were analyzed with the Marangoni number.
Experiment
A schematic drawing of the experimental set-up is shown in Fig. 1(a) . Cold-pressed disc-shaped slag powder samples (40 g, 38 mmD × 20 mmH) were placed in high-purity dense polycrystalline alumina crucibles (99.6%Al 2 O 3 , 50 mmOD × 42 mmID × 150 mmH). The chemical compositions of the slag samples are shown in Table 1 , which correspond to two kinds of cover-slags, LF-slag and metallurgical fluorspar for steelmaking plants, respectively. The samples were melted at 1 600°C for 15 min or 3 h under an atmosphere of dry air, and then they were air-cooled following removal from the lower part of the furnace. After breaking the alumina crucibles containing the slags with a hammer, vertical cross sections of the samples were observed. Then, the characteristic values of θ, h, δ, and δ ' as shown in 1(b) were measured, where θ is the contact angle, h is the wetting height, δ is the maximum dissolved loss of the vertical wall of alumina at the meniscus lines, and δ ' is the average loss of the bottom wall.
Results
Optical images of the vertical cross sections of the slag samples after the experiments are shown in Fig. 2 , and the measured values and related physico-chemical properties are shown in Table 2 , where v( = δ/t) and v' ( = δ '/t) are the time-averaged dissolution rates at the meniscus lines and the bottoms, respectively. The phase diagram data of the liquidus temperatures of slags T L and the saturated concentration of alumina in the slags (%Al 2 O 3 ) s were quoted from SLAG ATLAS 1) or calculated based on an in-house database, 2) and the other properties were evaluated using the software SLAGS 1.07.
3) From this data, the values of Ma were calculated form Eq. (1) for Slags 1-4.
where σ is the surface tension of the slag, Δ(%Al 2 O 3 ) is the difference between the saturated concentration (%Al 2 O 3 ) s and the bulk concentration (%Al 2 O 3 ) b , d is the wetting slag film thickness of 1 mm as shown in Fig. 1(b) , D is the selfdiffusion coefficient of aluminum of 1.6 × 10 − 10 m 2 /s, 4) and η is the slag viscosity.
Correlation between the dissolution rate of alumina in the slag and the wetting height of the slag is shown in Fig.  3 . The solid and the dashed regression lines show v and v', respectively. A rather good correlation between v and h was found. Fig. 3 . Correlation between the dissolution rate of alumina in the slag and the wetting height of the slag. Symbols of v(= δ/t) and v' (= δ '/t) mean the time-averaged dissolution rates at the meniscus lines and the bottoms, respectively, where δ is the maximum dissolved loss of the vertical wall of alumina at the meniscus lines, and δ ' is the average loss of the bottom wall.
in Fig. 4 with linear regression lines formulated as Eqs. (5)- (8) . The slag having a larger value of the Marangoni number Ma shows a smaller contact angle θ, a larger wetting height h, a larger flow velocity u and a larger dissolution rate v. Each value of Ma for Slags 1-4 is much higher than unity, and Slag 4 (fluorspar) in particular had the highest value of 5 × 10 7 . Using Eqs. (5)- (8), characteristic values for lime and silica in the liquid fluorspar were estimated from the values of Ma, and it was found that rather high wettability and dissolution rates for lime and silica also occurred at the same extent as alumina. Consequently, it is concluded that the empirically well-known effect of fluorspar as a slagging accelerator comes not only from a decrease in liquidus temperatures and viscosities of the refining slags after completely mixing, but also from a spontaneous increase in the reaction areas and slag flow velocities due to the strong Marangoni effect appearing at the three-phase boundary between solid refining agents, liquid fluorspar, and air during the early stages of slagging. It is interesting to note that the negative correlation between θ and the values of v and J Al O 2 3 is similar to the dynamic behaviors of declining contact angles and interfacial tensions between liquid slag and liquid iron during de-S, de-O, and de-P reactions, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and this is most likely attributable to the adsorption of surface active elements such as S and O, and Marangoni flow induced by gradients in interfacial tensions due to some fluctuation in the reaction rates at the slag-metal interfaces. In the present study, phenomenological analysis was carried out with the Marangoni number, and further study is needed to clarify similarities from the viewpoint of microscopic kinetics. 
